The structures and electronic properties of (WO 3 ) 3 nanoclusters adsorption on defective MgO ultrathin films on Ag(001) have been investigated by means of density functional theory (DFT) calculations including dispersion interactions. Our results show that, after deposition, the oxygen vacancy on the defective MgO/Ag(001) films is healed by one terminal oxygen atom of the (WO 3 ) 3 clusters through forming four O-Mg bonds. The conformation of the (WO 3 ) 3 nanoclusters is distorted slightly and the W 3 O 3 cyclic conformation of adsorbed (WO 3 ) 3 nanoclusters is still maintained. The defective MgO/Ag(001) 2D films lead to enhancement of the adsorption energy between the (WO 3 ) 3 clusters and the substrates, compared to that on defect-free MgO/Ag(001) 2D films and a defective MgO(001) surface. It is interesting that obvious charge transfer (2.74e) occurs from the defective MgO/Ag(001) films to the 5d empty state of the (WO 3 ) 3 clusters, which mainly originated from spontaneous electron tunneling through the thin MgO dielectric barrier, and less from the surface defective state as the consequence of the formation of O-Mg adsorption dative bonds at the interface. In addition, compared with (WO 3 ) 3 nanoclusters in the gas phase, on the defect-free MgO/Ag(001) 2D films and the defective MgO (001) surface, different scanning tunneling microscopy images and vibrational spectra for depositing (WO 3 ) 3 nanoclusters are observed, which could help in the identification of (WO 3 ) 3 nanocluster adsorption on the defective MgO/Ag(001) ultrathin films in future experiments. As a consequence, our results reveal that (WO 3 ) 3 nanoclusters adsorption on defective MgO/Ag(001) ultrathin films provide a new avenue to tune and modify the charge state and chemical reactivity of tungsten oxide nanoclusters.
Introduction
Early transition metal oxides are of great technological importance due to their wide applications in catalysis, sensors, electrochromic devices, etc.
1-3 Among them, increasing interest has been devoted to tungsten oxide, which has been found to accelerate many types of reactions, 4 such as alkane isomerization, 5 alkene metathesis, 6 alcohol oxidation, 7 and selective NO reduction. 8 In recent years, tungsten oxides loaded on different supports such as TiO 2 , 9,10 Cu-O 11 and FeO/Pt(111) 12 by direct sublimation of WO 3 have been extensively studied in an attempt to correlate the structure with catalytic performance, like dehydration of 2-propanol, 13 oxidation and reduction of aliphatic alcohols, 14 or polymerization of formaldehyde 15 and acetaldehyde, 16 which has suggested that the catalytic properties of tungsten oxides are strongly inuenced by the support.
Therefore, a detailed characterization of the structures and electronic properties of the supported oxide catalysts is essential for a rational design of new catalytic materials.
17,18
Many experiments have proved that the catalytic characterization at atomistic level of supported tungsten oxide is strongly depended by some of key factors, including the diverse nature of support defects, quantum size effects and the form of the supported material (powder, thin lms, single crystal), etc. Di Valentin et al. 19 have shown that when (WO 3 ) 3 clusters supported on reduced TiO 2 surfaces, the defective support donates one electron to the (WO 3 ) 3 clusters. Thus make singly charged (WO 3 ) 3 clusters activating linear radical chain polymerization of formaldehyde with very low activation barriers. Recently, we have also reported detailed theoretical investigations on (WO 3 ) 3 nanoclusters deposited on the defective MgO(001) surface with three kinds of F S centers (F S 0 , F S + , and F S 2+ ), and our results indicated that the structural changes of (WO 3 ) 3 clusters are well correlated with various electron donor ability of the defective surface, which are helpful in the interpretation of the mechanism of formation of various (WO 3 ) 3 structures on different surfaces. 20 Furthermore, except that introducing diverse nature of support defects, a continuously increasing interest has also been devoted to another form of the support material, ultrathin oxide lms grown on metal substrates, to control the congu-rations and electronic properties of the monodispersed oxide clusters. [21] [22] [23] [24] [25] [26] These systems exhibit unusual chemical and electronic properties with respect to thicker lms or single crystal oxide surfaces, due to the presence of the dielectric boundary and the reduced dimensionality of the insulating lms, offering new opportunities for the design of new functional materials. [27] [28] [29] [30] One specic and crucial property of ultrathin oxide lms is the occurrence of a spontaneous charge transfer from the metal support to an adsorbed species through the thin insulating layer (or vice versa). 24, 28, [31] [32] [33] [34] [35] This has been done recently for various systems, including adsorbed Au atoms, 36, 37 Au clusters, [38] [39] [40] when adsorbed on MgO/Ag(001) lms becoming negatively charged. Therefore, the possibility to grow or deposit monodispersed oxide clusters on different kinds of supports with diverse nature of defects and the forms of the supported material (thin lms, single crystal) open new scenarios for the understanding of the fundamental properties of these systems. The control of reactivity for tungsten oxide clusters supported on defective surface, as well as the perfect lms has been explored in our previous studies. 20, 34 However, up to now little information is discussed for the atomic structure and electronic properties of tungsten oxides supported on defective lms which appear to be more complicated, in which the interaction between the clusters and defective lms materials needs to be considered. Therefore, it is interesting and appealing to further investigate the effect on the (WO 3 ) 3 clusters adsorbing on the defective MgO ultrathin lms supported on metal substrate and whether they will exihibit different and unique structures and charge states, with respect to that deposition on defective crystal MgO(001) surface and perfect MgO/Ag(001) ultrathin lms, which is essential for the rational design of new nanostructures.
In this paper we present a detailed DFT study on the cong-urations and electronic structures of (WO 3 ) 3 clusters supported on the defective MgO ultrathin lms supported on Ag(001) including dispersion interactions. We rst use the ab initio molecular dynamic (MD) method to sample possible congu-rations of this complicated multidimensional system, the most stable structure is determined by further geometrical optimizations, and the electronic properties of (WO 3 ) 3 clusters supported on the defective MgO/Ag(001) lms are discussed with particular attention to cluster-support interaction effects in terms of electronic modications of the clusters. Finally, we predict the STM images and vibrational spectra, which can help in the identication of the formation of (WO 3 ) 3 nanoclusters adsorption on the defective MgO/Ag(001) ultrathin lms in future experiments. Our theoretical works can provide deep insight into the properties of this well-dened model system and open new perspectives for the design and study of model catalysts and their activity as a function of structure and charge state.
Computational details
First-principles calculations based on density functional theory (DFT) were carried out utilizing the Vienna ab initio simulation package (VASP) [43] [44] [45] and the projector augmented wave (PAW) method. 46, 47 The generalized gradient approximation of the exchange-correlation functional proposed by Perdew-Wang (PW91) was employed, 48 and the kinetic cutoff energy for the plane-wave expansion was set to 400 eV. The choice of the PW91 functional was suggested by the possibility to directly compare results of this study with those of similar systems investigated previously. 18, 30, 31, 34 Spin polarization has been considered. The MgO/Ag(001) substrate was modeled by four metal layers (two layers for ab initio molecular dynamics (AIMD) simulations), and a three-layer (3ML) MgO lms was deposited on top of it. The oxygen vacancy called an F center created by removing a neutral O atom from the surface. As expected, it can be seen clearly that the electronic density localized in the oxygen vacancy region (Fig. 3a) . The experimental lattice constant of Ag (4.09Å) is 3% smaller than that of MgO (4.21Å). In the calculations, the optimized Ag and MgO lattice parameters are 4.16 and 4.25Å, respectively, and the lattice mismatch is reduced to about 2%. Therefore, the MgO layers are slightly contracted with respect to their bulk distance aer they were supported on the Ag metal. During the geometry optimization of MgO/Ag(001) interface, all atoms in the MgO lms and in the two outmost Ag layers were relaxed while the remaining two Ag layers were xed to their bulk position (in the AIMD simulations only the atoms of the top Ag layer were relaxed). To avoid interactions between neighboring (WO 3 ) 3 clusters, a (5 Â 5) supercell of defective MgO/Ag(001) lms consisting of 249 atoms (100 Ag, 75 Mg, and 74 O atoms) was employed, and a (3 Â 3 Â 1) Monkhorst-Pack was used for the k-point sampling. The role of the vdW interaction was investigated using DFT-D2 method including the pairwise force eld implemented by Grimme.
49
The structures and the electronic properties of (WO 3 ) 3 clusters and its anions has been already discussed in the literature. [50] [51] [52] It is well known that, (WO 3 ) 3 clusters shows unusual stability and is the major species in the tungsten oxide vapor. The ground state of (WO 3 ) 3 clusters possesses a coplanar W 3 O 3 cyclic conformation (3.53Å in W-W distance) with D 3h symmetry (see Fig. 1a ). The bond lengths of W-O and W]O are 1.91 and 1.73Å, respectively. It is noted that the lowest unoccupied molecular orbital of (WO 3 ) 3 cluster is mainly consists of the tungsten 5d orbital, occupation of this orbital by adding one or two electrons leads to a considerable shortening of the W-W bond length relative to the neutral (WO 3 ) 3 structure (3.24Å in
À and 3.07Å in [(WO 3 ) 3 ] 2À ), due to the formations of the strong three-center, one-electron and three-center, two-electron metal-metal bonds, respectively.
52
Compared with the cases of metal nanoparticles that have been extensively studied, 53-55 the deposition of oxide clusters on the solid surfaces is more complicated. Since there are many possible arrangements of the (WO 3 ) 3 clusters on the defective MgO/Ag(001) ultrathin lms, special effort has been paid to investigate the adsorption conguration of (WO 3 ) 3 clusters on the defective MgO/Ag(001) ultrathin lms. In order to nd the most stable congurations of the deposited (WO 3 ) 3 clusters as much as possible, and reduce the inuence of articial factors, rst-principles ab initio molecular dynamics (AIMD) simulations using the Nosé algorithm 56 were used to explore possible adsorption congurations using a low cutoff energy (200 eV). The simulation time was 10 ps with a time step of 1 fs at the temperature of 600 K. Then possible adsorption congurations were sampled from the results of the MD simulation every 50 steps, resulting in 200 initial structures for each MD process. Finally, further structural optimizations were carried out to determine the most stable adsorption congurations using more accurate settings (see above). The results of previous studies 34, 57, 58 demonstrate that adopting the method of ab initio molecular dynamics combining with quantum mechanics to determine the conguration of complex systems is feasible.
Results and discussion

Structures of the (WO 3 ) 3 nanoclusters on the defective MgO ultrathin lms supported on Ag(001)
The most stable structure of (WO 3 ) 3 nanoclusters supported on the defective MgO/Ag(001) ultrathin lms is shown in Fig. 1c , and for clarity, the top view of (WO 3 ) 3 fragment is provided in Fig. 1b . It can be seen clearly that the oxygen vacancy on the MgO ultrathin lms is healed by one terminal oxygen (O t ) atom of the (WO 3 ) 3 nanocluster through forming four O t -Mg bonds with the bond length in the range of 2.18-2.27Å. At the same time, another two terminal (O t ) and two bridging (O b ) oxygen atoms are bonded to surface Mg atoms forming bonds of about 2.10Å length. This leads to a total of eight adsorption bonds formed at the interface. The corresponding adsorption energy is 5.84 eV (see Table 1 ), which is 2.36 eV and 0.08 eV higher in energy than that on the defect-free MgO/Ag(001) lms (3.48 eV) and thick defective MgO(001) surface (5.76 eV) reported in previous works, respectively. 20, 34 It is suggested that the defective MgO/Ag(001) 2D lms lead to enhance adsorption energy and stronger interaction between the (WO 3 ) 3 clusters and the substrates, compared to that on the defect-free MgO/Ag(001) 2D lms and the defective MgO(001) surface. Not surprisingly, the strong interaction results in a signicantly change of the supported clusters. Compared to (WO 3 ) 3 cluster in gas phase, the W 3 O 3 cyclic structure is still maintained. But the conformation of (WO 3 ) 3 part is obvious distorted: the W-W distances decreased from 3.5Å to 3.0Å. One W atoms is 1.9Å lower than the other two W atoms, and two O b atoms signicantly deviate from the cyclic plane, so that three W atoms and three O b atoms of the clusters are no longer coplanar. An approximate symmetry plane through the lowest W atom and the opposite bridging O atom is observed. In addition, signicant elongation of two W-O b bonds in which the O b atoms are coordinated with the surface Mg atoms are observed (about 2.0Å). Then, we discuss the surface rumpling for the dielectronic layer at MgO/ Ag(001) interface and the relaxation for the top layer of the MgO lms. For the clean defective MgO(3ML)/Ag(001) ultrathin lms, the MgO/Ag(001) interface distance away from the oxygen vacancy is 2.71Å, which is in good agreement with the previous results. [59] [60] [61] And the interface distance near the oxygen vacancy is slightly increased (2.74Å). While aer the (WO 3 ) 3 clusters In addition, we also consider the properties of (WO 3 ) 3 It is well known that MgO/Ag is a weakly bound interface. Van der Walls (vdW) forces are important for the description of the metal/oxide interface for the geometries and electronic properties. Now we consider the effect of vdW forces on the adsorption of (WO 3 ) 3 clusters on defective MgO ultrathin lms using DFT-D2 method. With the inclusion of van der Waals corrections, the supported lms exhibit smaller interface distances around the oxygen vacancy (0.14Å, 0.17Å for (WO 3 ) 3 / defective-MgO(3ML)/Ag(001) and (WO 3 ) 3 /defective-MgO(2ML)/ Ag(001), respectively). And the adsorption energy is increased (about 28% and 31% for (WO 3 ) 3 /defective-MgO(3ML)/Ag(001) and (WO 3 ) 3 /defective-MgO(2ML)/Ag(001) system, respectively) as shown in Table 1 .
Electronic structures of (WO 3 ) 3 clusters on the defective
MgO ultrathin lms supported on Ag(001) Fig. 2 displays the partial density of states (DOSs) of the most stable conguration for (WO 3 ) 3 clusters deposited on the defective MgO ultrathin lms supported on Ag(001). As shown in Fig. 2a , the Fermi level is determined by the Ag support, and falls in the gap of the defect MgO insulating lms. An obvious and crucial feature with respect to this structure is that now two sharp peaks originated from the states of (WO 3 ) 3 clusters appear in the gap of the MgO insulating lms. According to the atomic partial DOSs of W, O atoms of the supported clusters (Fig. 2b) , we can further concluded that the new peak present about À1.5 eV below Fermi level is dominated by W 5d and O 2p states from the (WO 3 ) 3 clusters, and becomes occupied as a consequence of the interaction with the thin lms. While another sharp peak at Fermi level mainly derives from one lowest W atom associated with the O t atom that is used to heal the oxygen vacancy on the lms. Moreover, charge density (Fig. 3b-c) further proves that the new isolated state at À1.5 eV below Fermi level is mainly localized around the W and O atoms of the (WO 3 ) 3 clusters, while the charge state around Fermi level is mainly localized around one lowest W atom associated with the O t atom that is used to heal the oxygen vacancy on the lms. 20 reported in previous results. Further analyses of Bader charge of atoms show that, the origin of this electron transfer is rather different, now the charge transfer occurs mainly directly from the Ag metal conduction band to (WO 3 ) 3 clusters through the MgO thin dielectric barrier (about 2e), and less charge transfer comes from the surface defective state by Mg-O dative bonds at interface (about 0.7e). In addition, the charge distributions within the (WO 3 ) 3 clusters are also further investigated. The results show that the W atom associated with the O t atom healing the oxygen vacancy obtains the most of the electrons (0.83e), while other two W atoms get less electrons (about 0.25e, 0.25e, respectively), and other electrons are obtained by O atoms. However, it must be mentioned that, although there is obvious electron transfer from the defective MgO/Ag(001) lms to (WO 3 ) 3 clusters, not all the electrons are obtained by W atoms, due to the unavoidable formation of bonds between the O atoms of clusters and the surface Mg atoms. Additionally, the charge transfer from the substrate to (WO 3 ) 3 clusters leads to the increase of work function (0.53 eV). In addition, when (WO 3 ) 3 clusters adsorption on the defective MgO(2ML)/Ag(001) lms, the charge transfer is also large (2.69e), but slightly less than that in (WO 3 ) 3 /defectiveMgO(3ML)/Ag(001) (2.74e). Like the (WO 3 ) 3 /defectiveMgO(3ML)/Ag(001) system, the obtained electrons of adsorbed (WO 3 ) 3 clusters mainly originated from the spontaneous electron tunneling through the thin MgO dielectric barrier. Meanwhile, the analysis of Bader charge by Grimme's DFT-D2 method is also displayed in Table 1 . It is obvious that the vdW interactions have no signicant effects on the Bader charges, the difference being of 0.04-0.06e.
Observable properties
In this section, we will discuss two observable properties for the deposition of (WO 3 ) 3 clusters on the defective MgO ultrathin lms supported on Ag(001) which can help in the identication of the formation of anionic (WO 3 ) 3 clusters in the future experiments. The rst observable property is STM images, the second is vibrational spectra.
3.3.1 STM simulations. Using the Tersoff-Hamann approach, we have simulated STM images for the clean defective MgO ultrathin lms supported on Ag(001), V ¼ À3.5 V, the most stable structure of (WO 3 ) 3 clusters deposition on the defective MgO ultrathin lms supported on Ag(001) at positive and negative bias, V ¼ +5.0 V, +3.5 V, À5.0 V, À3.5 V, respectively (Fig. 4) . Due to the well known DFT underestimate of the band gap in insulating materials, these values do not necessarily correspond to regions where tunneling occurs via empty or occupied states in direct measurements; these can, in fact, be typically shied by 1-2 V compared to the computed regions.
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For the clean defective MgO ultrathin lms supported on Ag(001), the simulated STM image with negative bias voltage is shown in Fig. 4a . In the lled-state STM image, one protrusion are observed in the oxygen vacancy region clearly. While for the most stable structure of (WO 3 ) 3 clusters deposition on the defective MgO ultrathin lms supported on Ag(001), we found that the best topographic images reecting the cluster morphology are obtained at a positive bias voltage (V ¼ +5.0 V) when tunneling into the W empty state takes place. Since the STM contrast is governed by the electronic properties and topographic position of the deposited (WO 3 ) 3 clusters. At the positive bias voltage, the brightest spots in the simulated STM images are mainly associated to the conductance spectra of W atoms with the higher position. The variation of the height of the W atoms in the deposited structures produces different distributions of the bright spots which reect the irregular shape of the clusters. As shown in Fig. 4b and c, for the (WO 3 ) 3 clusters deposition on the defective MgO/Ag(001) lms, at positive bias two brightest spots corresponding to the two W atoms at higher position and one less bright spot corresponding to the lowest W atom are observed. And a symmetric plane between the two brightest spots is found. This phenomenon is different from that previous reported for (WO 3 ) 3 /perfect-MgO/Ag(001) lms and (WO 3 ) 3 /defectiveMgO(001) surface, respectively. While at negative bias, the bridging and the terminal oxygens associated with the two W atoms at higher position become clearly visible in the simulated images ( Fig. 4d and e) . 3.3.2 Vibrational spectra. In this section, we will discuss another observable property, vibrational spectra, for the gasphase (WO 3 ) 3 clusters and deposited (WO 3 ) 3 clusters on defective MgO/Ag(001) lms. The vibrational properties for the free (WO 3 ) 3 clusters and most stable adsorption conguration are determined by using a central nite difference method, respectively. The corresponding intensities are obtained from the derivatives of the dipole moment, considering only the component perpendicular to the surface (surface selection rule) for the deposited clusters (namely, the surface selection rule applied in the high-resolution electron energy loss spectroscopy).
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For the gas-phase (WO 3 ) 3 clusters (Fig. 5a) 3 clusters adsorption on the defective MgO/ Ag(001) lms, the vibrational spectrum becomes considerably more complex compared to gas-phase (WO 3 ) 3 clusters, due to the distortion of the supported (WO 3 ) 3 clusters (Fig. 5b) . According to the coordinations of the O atoms (Fig. 1c) Fig. 1c ). We also observed the obvious redshis of the W-O 
respectively. An overlay of the (WO 3 ) 3 framework is also shown in picture (b-e).
Conclusions
In the present work, the atomic structures and electronic properties of (WO 3 ) 3 nanoclusters adsorption on the defective MgO ultrathin lms supported on Ag (001) 
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